Cerebral edema plays a central role in the pathophysiology of many diseases of the central nervous system (CNS) including ischemia, trauma, tumors, inflammation, and metabolic disturbances. The formation of cerebral edema results in an increase in tissue water content and brain swelling which, if unchecked, can lead to elevated intracranial pressure (ICP), reduced cerebral blood flow, and ultimately cerebral herniation and death. Despite the clinical significance of cerebral edema, the mechanism of brain water transport and edema formation remain poorly understood. As a result, current therapeutic tools for managing cerebral edema have changed little in the past 90 years. "Malignant ischemic stroke" is characterized by high mortality (~80%) and represents a major clinical problem in cerebrovascular disease. Widespread ischemic injury in these patients causes progressive cerebral edema, increased ICP, and rapid clinical decline. In response to these observations, a series of recent studies have begun to target cerebral edema in the management of large ischemic strokes. During cerebral edema formation, the glial water channel aquaporin-4 (AQP4) has been show to facilitate astrocyte swelling ("cytotoxic swelling"). AQP4 has also been seen to be responsible for the reabsorption of extracellular edema fluid ("vasogenic edema"). In the present review, the role of AQP4 in the development of cerebral edema is discussed with emphasis on its contribution to ischemic edema. We also examine the potential of AQP4 as a therapeutic target in edema associated with stroke.
Introduction
Cerebral edema is characterized by the pathological swelling of brain tissue due to progressive increase in brain water content. It is a frequent and feared clinical complication that develops in a broad range of cerebral insults such as ischemia (Ribeiro Mde et al. 2006) , trauma (Zador et al. 2007) , tumors and inflammation (Papadopoulos and Verkman 2005) . The rigid cranium opposes the progressive swelling of brain tissue, leading to elevated intracranial pressure, decreased cerebral blood flow, and ultimately cerebral herniation and death. Klatzo broadly categorized the mechanisms of brain tissue swelling as cytotoxic edema and vasogenic edema in 1967 (Klatzo 1967) . The former process involves progressive cell swelling due to rapid water uptake, whereas in the case of vasogenic edema water leaks into the extracellular space due to defects in the blood-brain barrier. Although these two mechanisms coexist in most brain pathologies, instead of a pure cytotoxic edema or vasogenic edema, there is typically an appreciable dominance of one type over the other in each disease. For example, vasogenic edema seems to dominate in tumors and cerebral abscesses, while cytotoxic edema develops in ischemic stroke and brain trauma.
Cytotoxic edema is a significant clinical problem that can develop in response to a large ("malignant") middle cerebral artery (MCA) occlusion (Hacke et al. 1996; Bardutzky and Schwab 2007) and has been associated with approximately 80% mortality rate. Cerebral vascular occlusion initiates a sequence of events involving cell swelling, followed by BBB leakage and hemorrhagic conversion of the tissue (Simard et al. 2007 ). The strategy for the treatment of cerebral edema associated with these large ischemic strokes is limited to the use of intravascular administration of hyperosmolar solutions to remove the excess water from the brain, or removal of a large bone flap to allow the brain to swell outside the rigid cranium (decompressive craniectomy). These methods have remained unchanged for the past 90 years. More recently, the discovery of aquaporin membrane water channels has provided new insights into the molecular mechanisms of edema formation and brain water transport.
The glial membrane water channel aquaporin-4 (AQP4) is largely expressed in astrocytic processes adjacent to cerebral capillaries and pial membranes lining the subarachnoid space (Fig. 1) . Such strategic localization at these tissue-water interfaces, and the high water permeability of the channel, makes AQP4 an important route for transporting water to and from the brain. A large body of evidence from transgenic mice deficient in AQP4 has demonstrated the role of this water channel in cytotoxic and vasogenic edema. These findings suggest AQP4 is a potential therapeutic target in the treatment of cerebral edema developing in response to various CNS pathologies including stroke.
Aquaporins
Aquaporins are highly permeable water channels widely found in different tissues of the body (Verkman 2005) . Structurally, a single AQP channel is formed by a six transmembrane helix protein that forms a water selective pore in the center of the molecule. The channel functions as tetramers in the cell membrane. The structural significance of the AQP4 subtype is that its tetramers organize into large (~100 nm) clusters termed orthogonal array particles (OAPs), visible through freeze fracture electron microscopy of astrocyte processes (Rash et al. 1998) The first aquaporin (AQP1) was discovered as the membrane water channel responsible for rapid red blood cell swelling in response to osmotic challenge. In addition to facilitating water flux through cell membranes, some family members such as AQP3, AQP7, and AQP9 also allow glycerol transport and may be involved in cell metabolism (Hara-Chikuma and Verkman 2006) . Recent data has shown a number of unusual roles for AQPs in cellular functions such as tumor angiogenesis (Saadoun et al. 2005a) , glial scar formation (Saadoun et al. 2005b) , pain (Oshio et al. 2006 ) and neuroexcitation (Binder et al. 2006; Padmawar et al. 2005) .
Aquaporins in the Central Nervous System
Aquaporins in the CNS are seen to facilitate water transport between the major compartments of the brain (Fig. 2): (1) the CSF space defined as the cerebral ventricles and subarachnoid space; (2) the brain parenchyma consisting of intracellular and extracellular space; and (3) the intravascular compartment (Zador et al. 2007) . Two members of the aquaporin family, AQP1 and AQP4 largely manifest at the interfaces between these compartments where they participate in the maintenance of brain water homeostasis.
2.1.1 Aquaporin-4 in the Central Nervous System-In the CNS, AQP4 expression is restricted to astrocytes throughout the brain and spinal cord and the ependymal cells that line the cerebral ventricles (Nielsen et al. 1997 ). There is a characteristic subcellular distribution of AQP4 in astrocytes: it is highly concentrated at cell surfaces of the blood-brain and CSF-brain barriers such as the astrocytic end-feet and glia limitans. At these important water transport sites, AQP4 colocalizes with the inwardly rectifying potassium channel Kir4.1 where it is proposed to act as a water-potassium transport complex (Connors and Kofuji 2002; Nagelhus et al. 2004 ). The dystroglycan complex (DGC) provides the molecular scaffolding for the polarized colocalization of these two channels. Deletion of one of the DCG complex proteins, alpha-syntrophin, results in the failure of AQP4 to properly colocalize in the plasma membrane without altering overall AQP4 protein expression (Neely et al. 2001) . The polarized expression of AQP4 is critical for its function in brain water homeostasis, as the deletion of alpha-syntrophin creates a phenotype similar to that of the AQP4-deficient mice.
Aquaporin-1 in the Central
Nervous System-AQP1 is expressed in the apical membrane of the choroid plexus epithelia where it facilitates cerebrospinal fluid (CSF) production. The transcellular water flux through AQP1 contributes approximately 20-30% of CSF volume as demonstrated by AQP1-deficient mice (Oshio et al. 2005) . In physiological circumstances, the remaining part of the brain is void of AQP1, in contrast to other organs of the body where it is abundantly expressed in capillary endothelium. However, in pathological states of the CNS such as tumors, there is an upregulation of AQP1 in the endothelia of cerebral capillaries. Based on this finding, it seems that AQP1 is predominantly expressed in the choroid plexus and functions primarily to contribute to CSF production. However in the brain, some AQP1 pathologies are expressed de novo in cerebral endothelia, possibly to aid clearance of edema fluid from the brain.
Cerebral Edema in Stroke
Based on their pathomechanism, strokes can be categorized as hemorrhagic or ischemic, and account for 20% and 80% of the cases respectively. Pathways leading to edema formation in hemorrhagic stroke differ from those in ischemic stroke (Fig. 3) .
Cerebral Edema in Hemorrhagic stroke
In hemorrhagic stroke, following the initial physical trauma from the hydrostatic effect of intracerebral hemorrhage, perifocal edema formation is initiated by clot derived proteins and vasoactive substances impairing BBB integrity through direct or indirect mechanisms (Xi et al. 2006 ). The intracerebral injection of blood substrates in animal models show thrombin, plasminogen activator and urokinase contribute to brain edema formation (Matsuoka and Hamada 2002; Lee et al. 1995; Figueroa et al. 1998 ). The activation of thrombin was shown to cause inflammatory-cell infiltration, and scar formation (Xi et al. 2006) as well as direct disruption of the BBB by inducing endothelial cell retraction (Satpathy et al. 2004) . The presence of tissue plasminogen activator and urokinase has been found to enhance this effect, presumably by competing for thrombin inhibitors. The opening of the BBB seal leads to the formation of a proteinacious ultrafiltrate causing vasogenic edema peaking at 10-20 days in humans following ICH (Xi et al. 2006 ). The complement is introduced through the BBB defect, leading to formation of membrane attack complexes (MAC) and destruction of CNS cells and RBCs (Hua et al. 2000) . A subsequent component of edema formation is the lysis of red blood cells followed by liberation of hemoglobin, which inflict cellular damage (hemoglobin toxicity) through caspases (Wang et al. 2002) and oxidative mechanisms (Goldstein et al. 2003) . Cytotoxic edema ensues in concert with secondary cellular injury. In later phases of clot evolution and degradation, thrombin, hemoglobin degradation products, inflammatory mediators, interleukins, and metalloproteinases together facilitate both vasogenic and cytotoxic edema (Rincon and Mayer 2004) . Vasogenic and cytotoxic edema together last 2-4 weeks. Empirically, intravenous hyperosmolar therapy with mannitol is used in ICH for indications of raised ICP or imaging with findings of significant cerebral edema. Randomized studies have not been conducted and no evidence based conclusions can be made regarding the use of hyperosmolar therapy for acute intracerebral hemorrhage (Bereczki et al. 2000) . The role, if any, of AQP expression and function in intracerebral hemorrhage has not been explored.
Cerebral Edema in Ischemic Stroke
Ischemic stroke initiates a sequence of different edema mechanisms in a stepwise fashion (Simard et al. 2007 ). The formation of a thrombus occludes the cerebral artery and impairs cellular metabolism resulting in cellular swelling (cytotoxic edema), followed by leakage of the BBB (vasogenic edema) and finally the ischemic tissue undergoes hemorrhagic conversion. The disruption of cerebral blood flow in ischemia leads to the impairment of ATP synthesis, leading to insufficient Na + /K + ATPase function. The sodium fluxes driven by the transmembrane electrochemical gradient remain unopposed, causing net accumulation of intracellular sodium. The anaerobic glycolysis initiated in response to ischemia cause accumulation of lactate, which acts together with sodium to draw water into the cell creating cytotoxic edema. Further cellular damage caused by ischemia results in BBB disruption through a number of proposed mechanisms such as reverse pinocytosis (Castejon 1984) , disputed Ca 2+ signaling (Brown and Davis 2002) , and actions of other agents such as VEGF (Weis and Cheresh 2005) , and MMPs (Asahi 2001) . Depending on the depth of ischemia, the BBB may lose its entire physical integrity leading to hemorrhagic conversion: all components of the blood are extravasated into the brain parenchyma leading to catastrophic tissue destruction. The role of AQP4 has been explored in several models of ischemic stroke where it participates in the formation of cerebral edema.
AQPand Cerebral Edema
Multiple mouse models have been employed to explore the role of AQP4 in the pathogenesis cerebral edema. The main approaches have been either to knockout AQP4 expression completely or to disrupt the polarized subcellular expression of AQP4.
Mouse Models Lacking AQP4 Expression
Phenotypic analysis of AQP4-deficient mice has provided new insights into the mechanisms of water transport during the development of cerebral edema . Because AQP4 allows bidirectional water flux through cell membranes, it is unsurprising that it facilitates water transport to and from the CNS. These experiments demonstrate the role of AQP4 in facilitating cellular water uptake as well as clearance of extracellular fluid from the brain.
The loss of AQP4 function has a significant impact on pathological response of the CNS. In disease models, such as acute cerebral ischemia (Manley et al. 2000) , water intoxication (Manley et al. 2000; Yang et al. 2008 ) and traumatic brain injury, water moves into the cell resulting in cytotoxic brain edema. The deletion of AQP4 has shown to impair cell water uptake in all of these models tested to date (Fig. 2a-d) , as demonstrated by reduced brain water content, infarct size, lesion volume, and lower ICP values. These favorable measures recorded from AQP4-deficient mice were mirrored by improved survival and better functional outcome compared to wild-type mice.
In another subset of CNS pathologies such as brain tumors, cold brain injury, and persistent ischemia, edema is created via leakage of iso-osmolar fluid through defective blood-brain barrier (BBB) into the brain extracellular space resulting in vasogenic edema. In these models, deletion of AQP4 resulted in worsening of cerebral edema assessed by brain wet to dry weight ratio and intracranial pressure ). The detrimental effect of AQP4 deletion also translated to lower neurological score. Based on these findings it was concluded that AQP4 facilitates the clearance of vasogenic cerebral edema in pathologies where edema fluid accumulates in the extracellular space.
Mouse Models Lacking Polarized AQP4 Expression
As an alternative approach to testing AQP4 function, experiments were aimed at disrupting the polarized pattern of AQP4 distribution. The anchoring of AQP4 to the astrocytic foot processes is dependent on the dystrophin-α-syntrophin complex (Amiry-Moghaddam et al. 2003a , 2004a . Dystrophin is the protein mutated in Duchenne Muscular Dystrophy and is part of a large membrane assembly that link the cytoskeleton to the extracellular matrix (Worton 1995) . Dystrophin binds to dystrobrevin, which provides a scaffold for syntrophins including α-syntrophin (Peters et al. 1997) . The dystrophin complex is localized to many tissues that express AQP4, including perivascular astrocytic foot process, renal collecting duct and skeletal muscle (Neely et al. 2001 ). This prompted the investigation of expression level of AQP4 in mice deficient in various components of the dytroglycan complex (Neely et al. 2001; Vajda et al. 2002) .
Co-immunoprecipitation studies show that AQP4 binds to the dystrophin complex through its interaction with α-syntrophin and Dp71 (Neely et al. 2001) . Alpha syntrophin deficient mice lack polarized expression of AQP4 in astrocytic end-feet: Immunogold labeling demonstrates an ~eightfold reduction of AQP4 reactivity at the perivascular astrocytic endfeet of α-syntrophin deficient mice compared to wild-type controls (Neely et al. 2001) . Such mislocalization translates into a near equivalent phenotype of AQP4 knock out mice. Following repetitive orthodromic stimulation of hippocampal slides, recovery of extracellular potassium significantly slows in α-syntrophin deficient mice (AmiryMoghaddam et al. 2003b ). The development of cytotoxic edema also significantly retards in α-syntrophin deficient mice following acute hyponatremia (Amiry-Moghaddam et al. 2004b ) and transient cerebral ischemia (Amiry-Moghaddam et al. 2003a ). The complete deficiency of the distroglycan complex in dmx mice has similar impact, resulting in delayed development of cytotoxic brain edema following acute hyponatremia (Vajda et al. 2002) . Although both these mouse strains have similar AQP4 expression as the wild-type controls, the mere mislocalization of AQP4 is sufficient to impair channel function to a significant extent. Recent data has demonstrated marked reduction of AQP4 in glial cells of the retinal (Muller cells) isolated from Dp71-deficient mice (Fort et al. 2008) . Electrophysiological studies have shown reduced potassium currents in relation to the reduced AQP4 expression further fortifying the concept of a Kir4.1-AQP4 potassium-water trafficking complex.
Further studies in models of cerebral edema using latter mouse strains could be of merit. The abolishment of AQP4 polarization by modulating the DCG components is a more attractive strategy than manipulating the AQP4 expression directly because it avoids changing AQP4 expression in other tissues.
Aquaporin-4 as a Therapeutic Target in Stroke
An important goal in the treatment of stroke is the control and reduction of cerebral edema. While formulating strategies targeting AQP4 in edema therapy the bimodal role of AQP4 in the development of vasogenic and cytotoxic edema has to be borne in mind. The reabsorption of vasogenic edema appearing in hemorrhagic stroke and late ischemic stroke could be facilitated by increased expression of functional AQP4, as the development of cytotoxic edema in early ischemia could be controlled by AQP4 inhibition. Thus, the type of stroke to be treated and the timing of AQP4 modulation will have to be carefully considered in the development of any targeted intervention. Mechanism of edema formation in ischemic and hemorrhagic stroke (see text for details). In ischemic stroke (above) AQP4 facilitates water uptake of perivascular astrocyte end-feet resulting in subsequent compression of the adjacent capillary lumen. As cellular damage evolves, the mechanism shifts into vasogenic edema and later hemorrhagic conversion. During hemorrhagic stroke, factors derived from the clot act on different components of the endothelial tight junction, leading the disruption of the BBB seal. AQP4 facilitates the reabsorption of edema fluid from the extracellular space
